It is necessary to establish a consistent evaluation scheme for estimating the height of tsunamis triggered by submarine landslides, since a standard framework for evaluation has not been established even though several models for calculation have been proposed and applied in practice. In this study, we propose a method of evaluating the height of a tsunami triggered by a submarine landslide using three schemes -the KLS model, Watts model and modified-KLS model for calculation, by setting the detailed profile of the submarine landslide based on the marine geological map and reanalysis of the marine acoustic wave exploration records. As a result of the comparison of the tsunami height evaluation produced by each model, it was suggested that, comparing the experimental result and those of other methods, a safe-side evaluation result might be obtained by the KLS model, applying the maximum sliding velocity calculated by the Watts model as a parameter.
INTRODUCTION
In cases of tsunami triggered by submarine landslide, it is reported that although the frequency of occurrence is exceptionally low compared with the more common seismic tsunami triggered by marine fault activity, these may nonetheless on rare occasions inflict extensive damage, such as in the 1771 Meiwa-Yaeyama earthquake tsunami. According to Hiraishi et al. (2001) , the tsunami trace height in the southern part of Ishigaki Island reached about 30 m, about 40% of the area of the island was inundated and more than 10,000 people were drowned by the tsunami. It is difficult to explain the tsunami height only by fault displacement based on the seismic scale, and reproduction calculations applying the circular slip method have shown that the tsunami might have been triggered by a submarine landslide. According to Matsuyama et al. (2001) , the 1998 Papua New Guinea tsunami could also be a tsunami triggered by a submarine landslide based on reproduction calculations applying the calculation method proposed by Grilli et al. (1999) .
Since traces of numerous submarine landslides have been discovered in the sea around Japan, the possibility of future occurrences cannot be excluded. Therefore, it is expedient to consider relevant submarine landslides as a factor in evaluating tsunami impacts on coastal structures, based on the topographical characteristics of the evaluated site. For example, taking into account the lessons learnt from the nuclear accident triggered by the Great East Japan Earthquake and the following huge tsunami, the Nuclear Regulation Authority was established, and the new regulatory requirements, which are the most stringent in the world, went into effect (Agency for Natural Resources and Energy, 2014) . In the review of conformity to these requirements, it is a requirement to establish a site-specific "standard tsunami" based on numerical analysis, allowing for uncertainties such as source location, scale and occurrence timing etc., considering general seismic faults, non-seismic factors and combinations thereof selected as the source of the tsunami.
As a standard framework for evaluation has not been established (although several models for calculation have been proposed and applied in practice), it is important to establish a consistent evaluation scheme for submarine landslides. In this study, we propose a consistent method of tsunami height evaluation applicable to future submarine landslides.
PROCEDURE FOR EVALUATING A SUBMARINE LANDSLIDE TSUNAMI
To evaluate the possibility of a tsunami triggered by a submarine landslide in the waters surrounding Wakasa Bay, we carried out the following procedure based on the available marine geological map and reanalysis of the marine acoustic exploration records. Wakasa Bay, about 100 km north of Osaka, is a ria coastal area of about 2,700 km 2 , which formed as the pre-existing valley topography was submerged by the rising sea levels of the Sea of Japan.
On the coast of Wakasa Bay, 14 nuclear power plants are located. As a tsunami may have the potential to affect these power plants, the scale of submarine landslides and the heights of possible tsunamis were estimated. The distribution of submarine landslides was confirmed based on detailed reviews of sedimentological and marine geological maps, such as those by Tokuyama et al. (2001) , Yamamoto et al. (1989) and Katayama et al. (1993) .
(1) Specify the features of the submarine landslide topography
The features of the possible submarine landslide topography were specified by interpreting the submarine topography prepared using a digital bathymetric chart. In interpretation, the typical features of collapsed and sedimentary parts of the possible submarine landslide topography and the overall concepts of these pairs were taken into consideration. These criteria are summarized in Table 1 . Then, the marine acoustic exploration records were interpreted, and the strata were classified based on the classification of Ikehara et al. (1990) in order to ascertain the presence of submarine landslides. 
Viewpoint
Typical features
Overall concept  Slump scarp and sliding soil mass deposited on its base are paired.  It tends to spread on a large scale and thinly compared to onshore landslides. Only slump scarps are specified in the case where it is difficult to specify the extent of sliding soil mass.
Collapsed part (slump scarp)
 'Horseshoe' shape or 'semi-circle' shape on the steep slope, the lower side is wider.  Smooth planar shape, constant inclination.  Deposited paired sliding soil mass downward.
Sedimentary part
(sliding soil mass)
 'Fan' shaped or 'tongue' shaped thin mound at the base of the slump scarp.  In some cases, it may be an elongated tongue or a plateau.  In typical cases, there are irregular undulations, low cliffs and depressions on the surface of the sliding soil mass indicating a convex vertical profile.
(2) Scale estimation of submarine landslide topography The location area of the specified submarine landslide topography was divided into groups in consideration of the position and orientation, with a view to thoroughly extracting candidate sources of tsunamis that could seriously affect Wakasa Bay. Then, the scale of each tsunami was estimated based on the estimated vertical cross-sectional area of the collapsed part. In order to calculate topographical changes due to a submarine landslide in detail, the collapsed and sedimentary parts of the sea bottom topography judged to be the largest submarine landslide in each divided area were interpreted based on a reanalysis of the acoustic exploration record in the relevant sea area. (3) Tsunami height estimation
The initial sea level distribution of the tsunami to be induced by the submarine landslide was estimated by using three different models (i.e., KLS model, Watts model, and modified-KLS model) as described later. The tsunami propagation was calculated according to nonlinear long wave theory and the height of the tsunami was estimated.
SETTING OF SUBMARINE LANDSLIDE PROPERTIES TO BE EVALUATED

Detection and extraction of the submarine landslide traces
According to Tokuyama et al. (2001) , a group of submarine landslide traces is shown near the Oki Trough of the Japan Sea. Also, several possible slump scarps are shown extensively around the Oki Trough in the marine geological map provided by the National Institute of Advanced Industrial Science and Technology (e.g. Yamamoto et al., 1989) . According to the sedimentological map (e.g. Katayama et al., 1993) , the facies suspected of submarine landslides are shown around Oki Trough in the same way. Slump scarps and facies suspected of submarine landslides are not shown in other areas.
Based on the results of these literature surveys, we ascertained the presence of submarine landslide topography by reanalyzing the results of high-resolution marine acoustic exploration records for all sea areas around Oki Trough, where there might be a submarine landslide topography. As a result, a total of 38 submarine landslide traces were extracted on the continental slope near the southeastern and southwestern parts of Oki Trough, about 500 m to 1,000 m in depth.
In addition, a little offshore of the entrance of Wakasa Bay, there is a distinctive geomorphic feature called Echizen Bank Chain, which is a scattering of rock reefs and large shallows at depths of 50 m to 100 m. According to the marine geological map, slump scarps suggesting a submarine landslide are not shown, but a reverse fault is shown along the southeast edge of Echizen Bank Chain. We also reviewed the marine acoustic exploration records, and did not recognize a turbulent sedimentary structure suggesting a submarine landslide.
Selection of submarine landslide topographies to be evaluated
The 38 submarine landslide traces extracted as study targets were broadly classified into three areas (Areas A to C) depending on their locations and orientations as shown in Fig. 1 , since the submarine landslide traces in Oki Trough are distributed over a vast area and a tsunami triggered by the largest scale landslide would not necessarily impact on Wakasa Bay the most severely. Area A is a group located virtually true north of Wakasa Bay, consisting of 9 slump scarps. Area B is a group located northwest of Wakasa Bay and consists of 8 slump scarps whose central axes are virtually oriented in the direction of Wakasa Bay. Area C is a group located further northwest of Area B, consisting of 21 slump scarps, which are situated entirely behind Tango Peninsula in relation to Takahama Nuclear Power Plant.
Fig. 1. Location map of 38 extracted submarine landslide traces
With regard to the submarine landslide of Area A, located north of Wakasa Bay, Yamamoto (1991) mentioned that "This submarine landslide trace (=Area A) was formed by two slope failures. The collapse is thought to have occurred at the time of declining sea levels during the last ice age, and the trigger for the collapse may have been an increase in the inclination angle due to a developing anticline structure, and an increase in the supply of sediment to the slope area." In other words, it is impossible to accurately estimate a future submarine landslide, since the geological environment around Oki Trough is totally different from that in the past. Therefore, we decided to evaluate, for each area, the tsunami triggered by the largest landslide from the extracted traces of earlier submarine landslides. Using this approach, we expected to comprehensively estimate, on the safe side, for tsunami height evaluation, even allowing for uncertainties -the possibility that a future submarine landslide will occur on a different scale and in a different place.
Since vertical water level fluctuations have a high impact on tsunami height estimation, we considered the largest submarine landslide to be the submarine landslide topography with the largest vertical cross section of the collapsed part, estimated from the high-resolution marine acoustic exploration records for the respective areas. Regarding the validity of the method of scale evaluation based on the cross-sectional area applied in this study, it is confirmed that the same landslide topography is selected as the largest scale, even in the case where the estimated volume of the collapsed part is calculated by multiplying the projected area of the slump scarp by the maximum thickness, interpreted from the high-resolution marine acoustic exploration records.
Based on the above, the largest submarine landslide topography of the respective areas was selected as shown in Fig. 2 to be evaluated. 
Estimation of topographical change caused by submarine landslide
The topographical change of the sea bottom due to a landslide is estimated according to the following procedure (Fig. 3) in accordance with Yamamoto (1991) based on high-resolution marine acoustic exploration records, since it needs to be estimated accurately as it is considered to directly affect tsunami height. To restore the terrain contour before the collapse, extend the outline of the scarp edge and connect it smoothly, cross-check between each of the survey lines, and confirm the three-dimensional consistency of the restored terrain contour. iii)
Considering the balance between the volume of collapsed and sedimentary parts, estimate the distribution of the volume of topographical change of the sea bottom.
Applying the above procedure to the submarine landslide in Area A interpreted by Yamamoto (1991) produced substantial consistency with Yamamoto's results in the restored topography before the collapse, the distribution of the sea bottom topographical change and the collapse volume, and confirmed that the procedure is reasonable. The above procedure was then also applied for Areas B and C to estimate the change in the sea bottom topography. Figures 4-1 to 4-3 show the estimated distribution of the sea bottom change due to the submarine landslide and marine acoustic wave exploration records along typical survey lines. 
ESTIMATION OF TSUNAMI HEIGHT TRIGGERED BY SUBMARINE LANDSLIDE
Approach for tsunami height estimation
To estimate the height of a tsunami triggered by a submarine landslide, tsunami propagation simulation was carried out with the condition that the initial water level distribution was calculated based on the original sea bottom topography and the collapsed topography after the landslide. The initial water level distribution was calculated by more than one forecasting approach in consideration of uncertainty. The kinematic landslide model (KLS model) proposed by Satake and Kato (2002) , Watts model proposed by Watts et al. (2005) and Grilli et al. (2005) and the modified-KLS model proposed by the authors (Tonomo et al., 2015) were applied to set the initial condition for the tsunami propagation simulation.
(1) KLS model
Based on the calculation model proposed by Satake and Kato (2002) as shown in Fig. 5 , the topographical change before and after the landslide is considered as propagating at sliding velocity 'U' from the single rupture starting point (peak of the collapsed part), and the topographical change of each calculation point is considered as continuing for duration time 'Tz'. Next, the tsunami propagation simulation is carried out with the condition that this topographical change amount (change amount per unit calculation time) is considered as being directly reflected in the sea bottom topography and sea level. Satake and Kato (2002) Currently, there is no established knowledge to set the required parameters 'U' and 'Tz' in general. Therefore, in accordance with our previous study (Tonomo et al., 2015) , we applied the maximum landslide velocity obtained by the estimation formula, shown as Umax in Eq. (1), proposed by Watts et al. (2005) as sliding velocity 'U' in this study. As for the duration time 'Tz', we applied the calculated value obtained from Eqs. (2) and (3) based on the landslide velocity Umax so that the duration time would be the fastest in the range in which the topographical change is considered reasonable. Also, the completion time of the landslide, 'Tend', can be calculated as shown in Eq. (4).
Fig. 5. Conceptual overview of the KLS model proposed by
Where, b : length of sliding mass, d : initial depth of sliding mass, T : thickness of sliding mass, θ : slope angle, Ψ : friction angle, γ : specific gravity of sliding mass, C d : drag coefficient, D Z : maximum collapse depth, U Z : sliding velocity (vertical component), h : water depth.
(2) Watts model Whereas the above-mentioned KLS model calculates the time series change of the sea bottom topography and sea surface fluctuation simultaneously for every time unit, the Watts model is a relatively simple scheme, in that it calculates tsunami propagation by using as the initial condition the initial spatial distribution of the water level due to the landslide.
To adopt the Watts model, it is necessary to properly define the initial water level distribution. In this study, we considered applying the proposed formula of Watts et al. (2005) and Grilli et al. (2005) based on Tonomo et al. (2015) . The proposed equations are shown in Eqs. (5) 
Where, b : length of SMF, d : initial depth of SMF, T : thickness of SMF, θ : slope angle, γ : specific gravity of SMF, Xg : coordinates of the position where the initial water depth is d, Cm : additional mass coefficient (=1), S : moving distance, S 0 : characteristic distance (=S/2), R : curvature radius (=b 2 /8T), ΔΦ : rotation angle (=2S 0 /R), t 0 : characteristic time, η 0,2D : maximum water level decrease amount at X = Xg. In addition, the symbols of the parameters applied for the Watts model used here are as shown in Fig. 6 .
Fig. 6. Symbol of the parameters applied for the Watts model (3) Modified-KLS model
Regarding the validity of the tsunami height evaluation, we conducted a reproduction calculation of the submarine landslide model experiment implemented by Hashimoto and Dan (2008) using the KLS model and the Watts model (Tonomo et al., 2015) . According to this, the KLS model has an excessive result of about 1.5 to 3 times the tsunami height compared with the experimental results in all verification cases. On the other hand, the reproducibility of the Watts model was good, especially in the case where the slope angle was relatively small (6° or less). In this study, based on the slope angle of Area B being as little as 1.7°, it is considered that the Watts model is more appropriate than the KLS model from the viewpoint of tsunami height evaluation.
The reason for the calculation result using the KLS model being excessive compared with the experimental result is presumed to be that the sediment volume between the collapsed and sedimentary parts is imbalanced in the landslide duration time. In the case where the KLS model was applied to the submarine landslide, collapse proceeds until the front edge of the sliding mass reaches the sedimentary part, since a single rupture starting point is set in the collapsed part. This is due to the fact that the KLS model is fundamentally a computational model devised for tsunami height estimation triggered by onshore landslide (collapse of volcanic edifice).
In order to solve this matter, we proposed using the modified-KLS model reported by the authors (Tonomo et al., 2015) . This model is designed such that collapse and sedimentation proceed simultaneously to keep the balance of the sedimentation volume between the collapsed and sedimentary parts in the landslide duration time. To achieve this goal, the rupture starting point was set at two locations in both the collapsed part and the sedimentary part. In addition, the landslide velocity applied to the modified-KLS model was set to 1/2 of the KLS model from the consideration that the landslide completion time should be the same for both models. The concept of the difference between the KLS model and the modified-KLS model is shown in Fig. 7 . As a result, the modified-KLS model showed that the experimental results can be reproduced well from the viewpoint of tsunami height evaluation. Tsunami propagation simulation was carried out on the above-introduced calculation schemes, applying the parameters of each of the submarine landslides in Areas A to C established in Chapter 3. The parameters and initial spatial water level distribution in the Watts model are shown in Table 2 and Fig. 8 . Table 3 shows the calculation conditions applied to the KLS model in Areas A to C, and Figures 4-1 to 4-3 show the distribution of the topographical change amount input to the KLS model. Figure 9 shows the time series variation of topographical change, and tsunami propagation calculated by KLS model in Area B from immediately after the topographical change triggered by the sliding until about 16 minutes after the topographical change is completed. Table 3 . Calculation conditions applied to the KLS model According to this, until about 4 minutes after the beginning of the landslide, only the collapse advances, without any sedimentation, and correspondingly the water level is unilaterally depressed. The water level then begins to rise, after 8 minutes, synchronously with the beginning of sedimentation. Figure 10 shows the time series variation of topographical change and tsunami propagation calculated by the modified-KLS model in Area B. Compared to the results of the KLS model shown in Fig.  9 , the water level fluctuation at each corresponding time is generally small. Also, 4 minutes from the beginning of the landslide, uplift of the water level appears in the northeastern part of the tsunami, which expanded concentrically. This is due to the fact that collapse and sedimentation are proceeding simultaneously by doubling the rupture starting point in the modified-KLS model, and it is considered also that the water surface depression due to collapse and the uplift due to sedimentation cancel each other. For every calculation scheme, the general method of non-linear long wave theory (shallow water theory) computed by differentiating the staggered Leap-frog scheme was applied to calculate tsunami propagation.
Where the minimum space grid size : 3.125 m, time step for calculation : 0.05 s, computation time : 3 h, Manning's roughness coefficient : 0.03, tide level for tsunami height evaluation : T.P.+0.49 m (considering mean HWL for upside calculation) and T.P.-0.01 m (considering mean LWL for downside calculation) are applied as the calculation conditions, respectively.
DISCUSSION
The results of the tsunami height evaluation on the front of the intake of the Takahama NPP are summarized in Table 4 . This shows that the evaluation result by the KLS model has a high impact on the evaluation point in every case, and the tsunami height calculated by the modified-KLS model has almost equivalent results as those of the Watts model at both the highest and the lowest water level, and only the result calculated by the KLS model obviously became large in Areas B and C. Also, in Area A, the result calculated by the KLS model was the maximum as in other areas, even though the result of the Watts model is small and the results of the KLS model and the modified-KLS model are relatively close. Table 4 . Results of the tsunami height evaluation Based on the above results, it is not easy to reasonably set the landslide velocity and the rupture duration time in practice, since there are no detailed observation records of the submarine landslide, as pointed out by Tonomo et al. (2015) . Therefore, it is difficult to reasonably evaluate possible future submarine landslides in the scheme of reproductive calculation of the submarine landslide-triggered tsunami proposed by the previous studies. On the other hand, applying the sliding velocity and the rupture duration time estimated by the method of Watts et al. (2005) , it was suggested that from the viewpoint of tsunami height evaluation triggered by a future submarine landslide, approximately reasonable results are obtained by the Watts model and/or the modified-KLS model. However, for the Watts model, depending on the features of the submarine landslide topography, the possibility of obtaining a tsunami height considerably smaller than that of the other two models cannot be denied. On the other hand, since the KLS model always provides a relatively large tsunami height, it might be suitable for obtaining the tsunami height on a sufficiently safe-side in particular. The modified-KLS model seems to be a well-balanced model that can obtain a moderate tsunami height in comparison with that of the other two models. The evaluation scheme for submarine landslide-triggered tsunami height proposed in this study is applicable in practice.
CONCLUSION
In this study, we estimated the scale of submarine landslides from a literature survey and showed examples of tsunami height evaluation using multiple schemes. The main conclusions are as follows: i)
A procedure was proposed to set submarine landslide properties, taking into account uncertainties of location and scale. For the evaluation target of a tsunami triggered by a submarine landslide in the waters around Wakasa Bay, the largest landslide topography was selected in each of three areas. ii)
Three schemes were applied to calculate the initial tsunami distribution, and the setting procedure for the necessary parameter was proposed for each scheme. As a result of the tsunami height evaluation by the three schemes of the Watts model, the KLS model and the modified-KLS model, the result obtained by the KLS model was comparatively large for every case. iii)
As a result of applying the modified-KLS model to the study case in Area B where the largest tsunami height was estimated by the KLS model at Takahama Nuclear Power Plant, the result obtained was almost equivalent to the result from the Watts model, and only the result of the KLS model was obviously larger.
iv)
From the above, the KLS model, applying the maximum sliding velocity calculated by the Watts model as a parameter, was considered to provide a larger result than those of the other two models or experimental results. Therefore, it is considered that evaluation results on the safe side can be obtained by adopting the KLS model for evaluating tsunami height triggered by a submarine landslide. v)
Finally, the validity of the time-series variation of landslide-triggered tsunami calculated by each model should be verified in another study.
